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In vertebrates, hematopoietic and vascular progenitors develop from ventral mesoderm. The ®rst primitive wave of hematopoiesis
yields embryonic red blood cells, whereas progenitor cells of subsequent de®nitive waves form all hematopoietic cell lineages.
In this report we examine the development of hematopoietic and vasculogenic cells in normal zebra®sh and characterize defects
in cloche and spadetail mutant embryos. The zebra®sh homologs of lmo2, c-myb, ¯i1, ¯k1, and ¯t4 have been cloned and
characterized in this study. Expression of these genes identi®es embryonic regions that contain hematopoietic and vascular
progenitor cells. The expression of c-myb also identi®es de®nitive hematopoietic cells in the ventral wall of the dorsal aorta.
Analysis of b316 mutant embryos that carry a deletion of the c-myb gene demonstrates that c-myb is not required for primitive
erythropoiesis in zebra®sh even though it is expressed in these cells. Both cloche and spadetail mutant embryos have defects
in primitive hematopoiesis and de®nitive hematopoiesis. The cloche mutants also have signi®cant decreases in vascular gene
expression, whereas spadetail mutants expressed normal levels of these genes. These studies demonstrate that the molecular
mechanisms that regulate hematopoiesis and vasculogenesis have been conserved throughout vertebrate evolution and the clo
and spt genes are key regulators of these programs. q 1998 Academic Press
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INTRODUCTION nal differentiation of these progenitor cells occurs in several
waves and in distinct locations (reviewed in Zon, 1994).
This phenomenon of sequential waves has been generallyDuring vertebrate development, hematopoietic progeni-
conserved during vertebrate evolution. Hematopoietic cellstor cells are derived from ventral mesodermal cells. Termi-
are categorized as either primitive (embryonic) or de®nitive
(fetal or adult) based on the timing and site of their develop-
ment, as well as their morphology and the production of1,2 These authors contributed equally.
speci®c types of globins. In humans, mice, chickens, and3 Dept. of Biology, Emory University, 1510 Cliffton Rd., Atlanta,
some species of ®sh, the ®rst site of hematopoiesis is theGA 30322.
extraembryonic yolk sac where blood islands form from4 To whom correspondence should be addressed. Fax: 617-355-
7262. E-mail: zon@rascal.med.harvard.edu. mesodermal cells layered over endoderm. The blood islands
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consist of a central core of primitive erythroid cells sur- activation of multiple receptor tyrosine kinases (RTKs). ¯k1
and ¯t1 are expressed early in yolk sac mesoderm at therounded by vascular endothelial cells. The blood and vascu-
lar cells in the blood islands are thought to arise from a time of blood island formation, and in endothelial cells of
later embryos and adults (Breier et al., 1995). Mutation ofcommon progenitor, the ``hemangioblast.'' This primitive
wave of hematopoiesis primarily produces embryonic red ¯k1 in mice results in a failure of blood island formation
and this gene may be essential for the development of theblood cells. While primitive hematopoietic cells develop on
the extraembryonic yolk sac of higher vertebrates, most hemangioblast (Shalaby et al., 1995). ¯t1 is required for the
proper assembly of vascular endothelium (Fong et al., 1995).progenitors of de®nitive cells arise in an intraembryonic
location, the aorta±gonad±mesonephros region (AGM) (Cu- A related receptor, ¯t4, is also expressed in embryonic endo-
thelial cells and later becomes restricted to lymphatic ves-mano et al., 1996; Dieterlen-Lievre et al., 1981; Dzierzak
et al., 1995; Medvinsky et al., 1996). These de®nitive pro- sels (Kaipainen et al., 1995). Thus, this family of RTKs is
critical for normal vascular and hematopoietic develop-genitors produce cells of all hematopoietic lineages, includ-
ing erythroid, myeloid, and lymphoid cells. They are ment.
Similar to other vertebrates, the zebra®sh exhibits primi-thought to migrate through the circulation to seed the liver
and bone marrow, the respective fetal and adult sites of tive and de®nitive waves of hematopoiesis in distinct sites.
Primitive or embryonic erythroid progenitors differentiatehematopoiesis in mammals, or the kidney, the site of adult
hematopoiesis in ®sh. Recently, we have demonstrated a from ventral mesoderm (Al-Adhami et al., 1977; Detrich et
al., 1995). A hallmark of this differentiation is the expres-common origin of primitive and de®nitive hematopoietic
progenitors from ventral mesoderm in the frog (Turpen et sion of the erythroid-speci®c gene, gata1, in two strips of
ventral mesoderm by 14 h of development (Detrich et al.,al., 1997). In Xenopus, cells from the ventral mesoderm
migrate in late gastrula and neurula stages to both the ven- 1995). gata1 expression persists as these cells converge to
form the intermediate cell mass (ICM). The anterior ICMtral blood island (the frog equivalent of the yolk sac) and
the AGM. cells converge by 18 h followed by the more posterior cells.
At approximately 24 h postfertilization, the ®rst wave ofA number of transcription factors have been implicated
in hematopoiesis by both expression studies and by the gen- erythroid cells, which express gata1, enters circulation and
synchronously differentiates into round embryonic rederation of mouse mutants. These include gata1, gata2,
lmo2, ¯i1, and c-myb. lmo2 is expressed in hematopoietic blood cells (Ransom et al., 1996). gata2 is also expressed in
the ventral mesoderm and later in the ICM (Detrich et al.,progenitors and mice homozygous for a lmo2 null mutation
have severe defects in primitive and de®nitive hematopoie- 1995). However, erythroid cells no longer express gata2 by
the time they enter circulation. De®nitive hematopoieticsis (Warren et al., 1994). gata1 is expressed primarily in
erythrocytes and megakaryocytes, and is essential for ery- sites in the zebra®sh have only been characterized by mor-
phological analysis. In 2-day-old embryos, cells with thethroid development based on mouse knockout experiments
(Martin et al., 1990; Pevny et al., 1991). In contrast, gata2 morphology of hematopoietic progenitors have been de-
scribed in the endocardium (Al-Adhami and Kunz, 1977).is required for the proliferation of hematopoietic progenitor
cells that give rise to all de®nitive lineages (Tsai et al., By day 5, de®nitive red blood cells, which are more elliptical
than the embryonic blood cells, are seen in the circulation.1994). gata2 is also expressed in endothelial cells (Dorfam
et al., 1992). gata1 and gata2 have been shown to be early In older ®sh, the kidney (pronephros and later mesonephros)
contains hematopoietic cells and is the zebra®sh equivalentmarkers of blood differentiation in zebra®sh and Xenopus
(Detrich et al., 1995; Kelley et al., 1994). c-myb is not de- of the avian and mammalian bone marrow.
The zebra®sh is an excellent model system for investigat-tected in mouse yolk sac blood islands, but is detected in
fetal liver, a site of de®nitive hematopoiesis (Sitzmann et ing the molecular basis of vertebrate development because
mutations affecting early embryogenesis can readily be gen-al., 1995). In mice homozygous for a c-myb mutation, primi-
tive erythropoieisis is apparently normal, but the generation erated and analyzed. Large-scale mutagenesis experiments
have generated a number of mutations affecting hematopoi-of all adult blood lineages is defective due to a decrease in
the proliferation and number of multipotent progenitor esis in early zebra®sh embryos (Ransom et al., 1996;
Weinstein et al., 1996). Two previously identi®ed muta-cells (Mucenski et al., 1991). ¯i1 is expressed very early in
presumptive hemangioblasts on the yolk sac, and in endo- tions in zebra®sh, cloche (clom39) and spadetail (sptb104),
cause defects in hematopoietic cell development. clom39thelial cells throughout the embryo. As development pro-
gresses, ¯i1 is expressed in megakaryocytes in the fetal liver, mutant embryos lack blood, as well as endocardial cells,
and head and trunk endothelial cells (Stainier et al., 1995).spleen, and thymus. (Melet et al., 1996; Meyer et al., 1993).
The only apparent defect in mice homozygous for a muta- The sptb104 mutation disrupts the convergence of paraxial
mesoderm, the formation of somites (Ho et al., 1990), andtion in the ¯i1 gene is thymic hypocellularity.
Hematopoietic cells and vascular endothelial cells de- the formation of blood, as shown in this report.
To characterize hematopoiesis in wild-type or mutant ze-velop in contact with one another in the embryonic blood
islands and have been shown to use common signal trans- bra®sh, we have isolated ®ve zebra®sh cDNAs encoding
homologs of genes known to affect hematopoiesis and/orduction molecules during development. Gene knock-out
experiments in the mouse have demonstrated that the spec- vasculogenesis in other organisms. These cDNAs include
lmo2, c-myb, ¯i1, ¯k1, and ¯t4. We have examined thei®cation and organization of vasculogenic cells requires the
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primers: forward, GCTCTAGAGCGGNGCNTT(T/C)GGN(A/expression patterns of the genes in wild-type and mutant
C)A(G/A)GT [XbaI-GAFG(K/Q)V]; reverse 1, CGGAATTCCCG(G/zebra®sh embryos. We ®nd that the clo and spt mutations
A)(A/T)AGGACCCA(G/C) AC(G/A)TC [EcoRI-SWVD]; reverse 2,differentially affect the hematopoietic and vasculogenic
CGGAATCCCGTTCNGGNGCCATCCA [EcoRI-PAMW]; tem-program. The clo gene product is required during the devel-
plate, ®rst-strand cDNA reverse transcribed from zebra®sh bloodopment of cells that express hematopoietic markers in both
and kidney RNA; annealing temperature, 557C; amplify approxi-
the ICM and the dorsal aorta, as well as during the develop- mately 800- and 750-bp bands containing parts of the extracellular
ment of vascular endothelial cells (Fouquet et al., 1997; Liao and kinase domains); and ¯t4 (forward, GGGGAATTCTT(C/T)-
et al., 1997; Stainier et al., 1995). In contrast, the spt gene CA(A/G)GTNGCNAA(A/G)GGNATG [EcoRI-FQVAKGM];
product is required for the development of hematopoietic Reverse, CGCGGATCC(G/A)TC(T/C)TG(T/C)TGNGC(G/A)TT-
NGC(T/C)TG [BamHI-DQQANAQ]; template, ®rst-strand cDNAcells, but does not affect the expression of vascular markers.
reverse transcribed from RNA from kidneys in phenylhydrazine-Thus, the molecular mechanisms that regulate hematopoie-
treated zebra®sh; annealing temperature, 407C; ampli®es a 501-bpsis and vasculogenesis have been conserved throughout ver-
band containing the C terminal part of the kinase domain).tebrate evolution, and the clo and spt genes regulate differ-
The PCR-generated fragments were used as probes to isolateent aspects of these programs.
longer cDNA clones from adult zebra®sh kidney cDNA libraries
directionally cloned into either Lambda ZAP Express or Lambda
ZAP II (Stratagene, La Jolla, CA). Libraries were provided by J. Rast
MATERIALS AND METHODS (All Children's Hospital, St. Petersburg, FL). For lmo2, 1,000,000
oligo(dT)-primed cDNA phage clones were screened. Five of 14
positives were picked and 1 clone was fully sequenced. For ¯i1,Zebra®sh Mutants and Strains
and c-myb, 1,000,000 randomly primed cDNA phage clones were
Zebra®sh were maintained as described in (Mullins et al., 1994). screened. In each case, over 100 clones were identi®ed. Three
Developmental stages at 28.57C were determined by embryo mor- clones contained overlapping inserts and were sequenced to give
phology (Kimmel et al., 1995). For in situ hybridization experi- the reported composite sequence. For ¯i1 one 1.7-kb clone was
ments embryos were incubated in 0.003% 1-phenyl-2-thiourea fully sequenced. Two different library screens generated the ¯k/t
(PTU) from 24 to 48 h (Wester®eld, 1993). For selected kidney RNA clones. Initially, the two ¯k/t PCR- generated fragments were
isolations, adult ®sh were treated with phenylhydrazine (3 mg/ pooled as probes to screen approximately 600,000 clones. Seven
liter) in system water for approximately 20±30 min (Widmer et al., positives were isolated. For ¯t4, a clone with an insert of approxi-
1981). This treatment destroys circulating red blood cells which mately 1.5 kb was sequenced. In a second screen a 3-kb ¯k1 cDNA
stimulates the proliferation of hematopoietic progenitor cells. RNA was isolated from the oligo(dT) library and fully sequenced. This
from kidneys was collected 4 days later. cDNA encoded an alternative splice form. In order to obtain se-
The wild-type AB strain and the radiation-induced sptb104 quence from the more highly expressed splice form, the region from
mutant line were obtained from C. Kimmel (Eugene, OR). The 947 to 1380 was PCR ampli®ed from the kidney cDNA library
spontaneous mutant clom39 line were obtained from M. Fishman using the following primers forward (CAAGCTCACCTGCAC-
(Charlestown, MA). TGC) corresponding to nucleotides 947±964 and reverse (CCT-
TATGGCCCAGAGGATC) corresponding to nucleotides 1362±
1380. Sequence comparisons were done with the BLAST, BESTFIT,
and PROFILE programs of the UWGCG sequence analysis softwareIsolation of cDNA Clones
package.
Small regions of the zebra®sh lmo2, ¯i1, c-myb, ¯k1, and ¯t4
cDNAs were generated using degenerate primers in polymerase
chain reactions (PCR). The PCR products were cloned into Blue- Polymorphism Assays for Genetic Mapping
script SK and sequenced. The degenerate primer sequences, tem-
plates, and annealing temperatures were: lmo2 (forward, AAG- Assignments to linkage groups for the zebra®sh gata1, gata2, c-
myb, lmo2, ¯i, and ¯t4 genes were obtained by the analysis ofGGATCCTA(C/T)TGGCA(C/T)GA(A/G)GA(C/T)TG(C/T)
[BamHI-YWHEDC]; reverse, CTAGAATTC(G/A)CA(T/C)TT(G/ either restriction site polymorphisms, single-strand conformation
polymorphisms (SSCP), or allele-speci®c oligo (ASO) polymor-A)AA(G/A)CA(T/C)TCNA(G/A)(G/A)TG(G/A)TA [EcoRI- CKFC-
E(L/F)HY]; template, ®rst-strand cDNA reverse transcribed from phisms found in the PCR products ampli®ed from genomic DNA
from the haploid progeny of a single female hybrid between thezebra®sh blood and kidney RNA; annealing temperature, 507C; am-
pli®es a 240-base-pair (bp) band spanning parts of the 2 LIM do- C32 and SJD strains of zebra®sh (Johnson et al., 1996). Segregation
of the polymorphisms was compared to those of informative RAPDmains); ¯i1 (forward, AAGGGATCCCA(A/G)AT(A/T/C)CA(A/
G)(C/T)TNTGGCA(A/G)TT [BamHI-QIQLWQF]; reverse, CTA- (Johnson et al., 1996; Postlethwait et al., 1998) and microsatellite
(Knapik et al., 1996) markers and mapped mutations (PostlethwaitGAATTC(A/G)TG(A/G)AA(A/G)TC(A/G)AA(C/T)TT(A/G)TA
[EcoRI-HFDFKY]; template, zebra®sh spleen cDNA library; anneal- et al., 1998). Recombination between loci analyzed by the above
methods and closely linked loci was calculated using the programing temperature: 507C; ampli®es a 270-bp band in the ets DNA
binding domain); c-myb (forward: CGGATCCAA(A/G)CA(A/ Map Manager Classic using the 99.9% con®dence limit, and the
resulting analysis was exported into MapMaker for drawing mapsG)TG(C/T)(C/A)GNGA(A/G)(C/A)GNTGG [BamHI-KQCRERW];
reverse; GGAATTCGTT(G/A)TCNGTNC(G/T)NCCNGG [EcoRI- (Lander et al., 1987; Manley and Cudmore). Backcross statistics at
the 95 and 99% con®dence limits for nearby markers are shownNDTRGP]; template, ®rst-strand cDNA reverse transcribed from
RNA from kidneys of phenylhydrazine-treated zebra®sh; annealing in Table 3.
For this mapping, the gata1 primers (GGCCTTTATTTTAAA-temperature, 407C; ampli®es a 150-bp band spanning parts of the
second and third DNA binding domain); ¯k1 (nested PCR with CTG/A and CGCGGATCCATTAACCCTCACTAAAGGGAGA-
GCCCTTCTTGTTTCT) amplify a 214-bp band spanning intron 5forward and reverse 1 primers followed by forward and reverse two
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TABLE 1and parts of the adjacent exons. (The ®rst 31 nucleotides in the
reverse primer are linker sequence unrelated to gata1). Allele-spe- Comparisons between the Amino Acid Sequences of Zebra®sh
ci®c oligonucleotide PCR detects a g/a polymorphism in exon 5 of Lmo2, Fli1, c-myb, and Flt4 and Their Closest Homologs in
gata1. The gata2 primers (ACCTGACTTCCCGTGAGGCGAGC Other Species: Percentage Identity (Percentage: Similarity)
and GGGTTAGGACAAAAGTTGGGAC) amplify a 250-bp band
from exon 2 and intron 2 that contains an SSCP. The ¯i primers Zebra®sh Xenopus Avian Mouse Human
(GGGGAATTCTTACCCAAGACAGACATGACT and CGC-
Lmo2 Ð Ð 90 (96) 90 (96)GGATCCCCCGCCCACCATTTTATTGCA) amplify a 400-bp
Fli1 79 (86) 67 (78) 80 (87) 80 (87)band in the ®rst intron with a polymorphic BstXI site. The lmo2
DNA binding domain 93 (95) 91 (93) 94 (96) 94 (96)primers (CCACAAACAAGACGGAGCCTA and CGCACA-
c-myb 57 (72) 62 (77) 61 (76) 61 (76)AACGCTTCAGAGAT) amplify a band with a polymorphic HhaI
DNA binding domain 92 (96) 95 (97) 93 (97) 93 (97)site. The c-myb primers (CCACTTGCCTCTCCAGTTAA and
Flt4 Ð 67 (77) 59 (70) 63 (75)CAGCTCGTTTTCTGTTGACA) amplify a band with a poly-
Kinase domain Ð 86 (93) 72 (80) 71 (79)morphic RsaI site. The ¯t4 primers (TTCCTCCGTCCAGTT-
GTTCTT and AGTAAGTGTGAGTGGGAGAAGGG) amplify a
225-bp band in the 3*UTR that has a polymorphism detectable
by SSCP (Beier et al., 1992). The assignment to a linkage group for
¯k1 was performed as follows: A zebra®sh genomic PAC clone
lmo2, a gene known to be expressed in early hematopoieticcontaining the cad1 (caudal-1) gene was isolated using primers
and vascular progenitor cells in other species. The predictedfor cad1 (Joly et al., 1992). Sequencing of this PAC followed by
amino acid sequence of the zebra®sh lmo2 cDNA is highlyGENBANK BLAST revealed the ¯k1 gene (Liao et al., 1997). The
map location of ¯k1 was therefore based on the scores for the similar (96% similarity/90% identity) to the mouse and
cad1 gene. human LMO2 protein sequences (Fig. 1A and Table 1).
We compared the pattern of lmo2 expression in zebra®sh
PCR Analysis of b316 Mutant Embryos embryos to that of gata2, another gene that is expressed in
early hematopoietic and vascular cells (Detrich et al., 1995).The gata1 primers used to amplify DNA made from b316 em-
bryos were the same as those used for mapping. The gata2 primers Whole-mount in situ hybridization studies showed that
(ACAACCCAGCATCCCTCCAC and CTCTCGCTTCCACTT- lmo2 and gata2 are each expressed in the two stripes of
CATCG) amplify a 420-bp band. The lmo2 primers (CAGCGC- ventral mesoderm by 12 h (Figs. 2A and 2B). lmo2 is also
AAAATGCACCAC and TGCTGTCTTAGCAAGTGTATCAAA) expressed in two anterior stripes of cells, while gata2 is
amplify an approximately 230-bp band. One pair of c-myb primers also expressed in the surface ectoderm at this stage. The
(GGGGAATTCTTCCACTTGCCTCTCCAGTTA and CGCGGA- expression of these genes in the ventral mesoderm of zebra-
TCCCTTCAGCTCGTTTTCTGTTGA) amplify an approximately
®sh embryos likely indicates early hematopoietic and/or850-bp band. A second pair of c-myb primers amplify an approxi-
vascular progenitor cells. In support of this idea, scl, a genemately 300-bp band.
required for hematopoiesis in the mouse (Shivdasani et al.,
1995) is expressed in the same regions as lmo2 in the zebra-Whole-Mount in Situ Hybridization and Histology
®sh (Fouquet et al., 1997; Liao et al., 1998).
Digoxigenin-labeled antisense and sense RNA probes were syn-
To determine whether the clo or spt mutant loci arethesized as described (Harland, 1991). The gata1 and gata2 probes
linked to the lmo2, gata1, or gata2 genes, we mapped gata1have been described (Detrich et al., 1995). Whole-mount in situ
and gata2 to linkage group 11 (redcone±0.00 { 0.00 cM±hybridizations were performed according to the method of Schulte-
gata1±1.10 { 1.09 cM 0 z4190 and PAC17B1±12.00 { 3.75Merker et al. (1994) with the following modi®cations: First, pro-
teinase K digestions of embryos 30 h or older were for 30 min in cM±gata2±8.69 { 3.339 cM 13B.1300), and lmo2 to linkage
20 mg/ml. Second, embryos were blocked in 10% heat-treated lamb group 18 (z3853±0.00 { 0.00 cM± lmo2±7.79 { 3.05 cM±
serum, and 2% BMB block (Boehringer Mannheim, Indianapolis, 14AD.1280) (Table 3). spt was localized near 60.1100 at the
IN) in MABT (100 mM maelic acid/150 mM NaCl/0.01% Tween lower tip of linkage group 8 and is therefore not linked to
20, pH 7.5). Third, signal was detected with BMB Purple substrate any of these genes (E. Ballanger and J. Postlethwait, unpub-
(Boehringer Mannheim). Embryos were mounted in 70% glycerol/ lished observation; Postlethwait et al., 1994). Polymorphic
30% PBS or 2:1 benzyl benzoate:benzyl alcohol for microscopy.
centromeric markers for linkage group 11 do not segregateStaining for hemoglobin using o-dianisidine was performed ac-
with the clo phenotype based on analysis of DNA from earlycording to the method described in Ransom et al. (1996). Embryos
pressure (EP)-treated embryos (data not shown). In addition,for histology were dehydrated in methanol, in®ltrated with JB4
the polymorphism for lmo2 does not segregate with the cloresin (Polysciences, Inc., Warrington, PA), and sectioned (5±8 mm).
Sections were stained with methyl green (Vector Laboratories, Bur- phenotype (data not shown). Thus, these ®ndings indicate
lingame, CA) for 5 min. that neither gata1 nor gata2 nor lmo2 is linked to the clo
or spt gene loci.
The onset of gata1 expression follows the expression ofRESULTS
lmo2 and gata2 in ventral mesoderm, and indicates a further
Isolation of lmo2, a Gene Expressed during Early differentiation of these cells (Figs. 2C and 2K). This pattern
Hematopoietic and Vascular Development of sequential gene expression is consistent with proposed
roles for lmo2 and gata2 in the development and function ofTo evaluate clo and spt mutations for defects in early
hematopoiesis and vasculogenesis, we cloned zebra®sh hematopoietic progenitors of higher vertebrates. In zebra®sh,
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FIG. 1. Genes involved in hematopoiesis and vasculogenesis have been generally conserved throughout vertebrate evolution. Comparison
of the predicted amino acid sequences of the zebra®sh lmo2 (A), ¯i1 (B), c-myb (D), ¯t4 (F), and ¯k1 (G) cDNAs with the amino acid
sequences of the homologous human (A,B,D,F,G), mouse (A), avian (B,D,F,G), and Xenopus (B,D) genes. Dark shading indicates identical
amino acids. Light shading indicates conserved amino acids. Arrows delineate the PCR primers used to initially isolate fragments of the
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cDNAs (see Materials and Methods). Solid lines in A, B, and D indicate the DNA binding domains of Lmo2, Fli1, and c-myb, respectively.
The three tandem DNA binding domains of c-myb are indicated with Roman numerals. The solid lines in F and G indicate the kinase
domains of Flt4 and Flk1, respectively. The dashed line in D indicates the transactivation and negative regulatory domains of c-myb. The
dashed line in G indicates the extracellular domain of Flk1. Zlmo2 is zebra®sh Lmo2. Mlmo2 is mouse Lmo2 (GenBank Accession No.
P25801). Hlmo2 is human Lmo2 (P25791). ZFli1 is zebra®sh Fli1. HFli1 is human Fli1 (Q01543). MFli1 is mouse Fli1 (P26323). XFli1 is
Xenopus Fli1 (P41157). Zcmyb is zebra®sh c-myb. Ccmyb is chicken c-myb (P01103). Hcmyb is human c-myb (P10242). Xcmyb is Xenopus
c-myb (Q08759). ZFlt4 is zebra®sh Flt4. HFlt4 is human Flt4 (P35916). Quek2 is quail Flt4 (B56598). HFlk1 is human Flk1 (P35968).
MFlk1 is mouse Flk1 (P35918). Quek1 is quail Flk1 (A56598). ZFlk1 is zebra®sh Flk1. (C) Dendrogram representing the evolutionary
relationships between the zebra®sh c-myb (Zcmyb) gene and the human, mouse, and chick Bmyb (Hbmyb/P10244, Mbmyb/P48972,
Cbmyb/Q03237) genes; the human and Xenopus Amyb (hamyb/P10243, Xamyb/P10243) genes; the bovine, human, mouse, chicken,
Xenopus c-myb (Bcmyb/P46200, Hcmyb/P10242, Mcmyb/P06876, Ccmyb/P01103, Xcmyb/Q08759) genes; and the Dictostelium (Dicmyb/
P34127) and Drosophila (Dromyb/P04197) myb-related genes. (E) Dendrogram representing the evolutionary relationships between the
zebra®sh Flt4 and Flk1 (ZFlt4 and ZFlk1) genes and the human and mouse Flt1 genes (h¯t1/P17498, m¯t1/P35969); the human, mouse,
and quail Flk1 genes (hFlk1/P35968, mFlk1/P35918, quek1/A56598); the human, mouse, and quail Flt4 genes (hFlt4/P35916, mFlt4/
P35917, quek2/B56598); and human a-platelet-derived growth factor (a-hpdgfr/P16234) gene.
the expression of lmo2, gata2, and gata1 persists in hemato- head in Fig. 2S). By 48 h, lmo2 and gata2 are no longer ex-
pressed in blood, but gata2 expression in the brain and inpoietic progenitor cells in the ICM of 24-h-old embryos
(arrows in Figs. 2Q±2S). Beginning around 24 h, hemoglobin spinal neurons persists (Figs. 2Y and 2Z). At this time, gata1
expression has greatly decreased (Fig. 2AA).can be detected by o-dianisidine staining (Fig. 2U). Slightly
later the cells expressing gata1 enter circulation. At the end The spt and clo mutations affect hematopoietic gene ex-
pression differently. In the anterior trunk region of spt em-of the yolk tube, the ICM curves ventrally and ends in a
small triangle of cells that we refer to as the posterior ICM. bryos, lmo2 and gata2 expression appears in two lateral
stripes (Figs. 3H and 3I). The stripes of lmo2 expression doThese cells in the posterior ICM express lmo2, gata2, and
gata1. These cells enter the circulation slightly later than not meet at the midline as they do in wild-type embryos
(data not shown). The expression of these two genes extendsthose in the more anterior, and thus may represent the end
of the ®rst wave of primitive hematopoiesis or a distinct into the tail region of spt embryos similar to the expression
pattern seen in wild-type embryos. The number of gata1-second wave of hematopoiesis (Detrich et al., 1995). The
expression of lmo2 and gata2 extend into the tail (arrowhead positive cells is greatly reduced in spt embryos, indicating
a defect in the erythroid lineage (Fig. 3K). This is consistentin Figs. 2Q and 2R), but gata1 is not expressed here (arrow-
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FIG. 1ÐContinued
with a lack of blood in older spt embryos (data not shown). that clo mutant embryos are defective in hematopoietic
stem cell development. In contrast, spt mutant embryosIn clo embryos, there is little or no gata2 and lmo2 expres-
sion in the anterior or posterior ICM or in the tail. gata1 form cells bearing markers of early hematopoietic cells, but
do not express gata1, a marker of more mature erythroidexpression is almost completely eliminated in clo embryos.
This ®nding is consistent with our previous observations progenitors.
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FIG. 1ÐContinued
Isolation of c-myb, a Gene Expressed in De®nitive gonad±mesonephros region (AGM) (Dieterlen-Lievre and
Martin, 1981; Dzierzak and Medvinsky, 1995; Lassila et al.,Hematopoietic Cells
1982; Turpen et al., 1997) (Vandenbunder et al., 1989). We
As in higher vertebrates, primitive hematopoiesis is fol- ®nd that c-myb is expressed in cells scattered along the
lowed by subsequent waves of de®nitive hematopoiesis in ventral wall of the dorsal aorta of 48-h-old zebra®sh em-
the zebra®sh. To evaluate de®nitive hematopoiesis in the bryos (Fig. 2 BB, arrow and Fig. 4A). This pattern and loca-
mutant embryos, we isolated the zebra®sh homolog of c- tion of c-myb expression is analogous to the expression of
myb which marks de®nitive progenitors in amphibians, c-myb seen in progenitors of de®nitive hematopoiesis in
birds, and mammals. The dendrogram comparing myb-de- the AGM of other species. Based on this analogy, we suggest
duced amino acid sequences indicates that zebra®sh c-myb that these cells are the progenitors of de®nitive hematopoie-
is closely related to c-myb from other species, and is less sis in the zebra®sh.
similar to A-myb or B-myb (Fig. 1C). Overall the predicted In zebra®sh, punctate c-myb staining was detected as
amino acid sequence of this cDNA is 72±77% similar to early as 12 h in scattered cells located beneath the skin of
the c-myb proteins of other species (Fig. 1D and Table 1), the embryos (Figs. 2T and 2BB). These cells are reminiscent
but there is 96±97% similarity in the DNA binding domain of embryonic phagocytic cells that arise on the yolk sac in
(Fig. 1D and Table 1). The c-myb gene maps to linkage group both avians and Xenopus (Cuadros et al., 1992; Ohinata et
23 (z4421±11.39 { 2.53 cM±myb±1.06 { 0.75 cM±pouc) al., 1989). The pu.1 gene, which encodes a transcription
(Table 3). Polymorphic centromeric markers for the linkage factor that is involved in myelopoiesis, is expressed in a
group 23 do not segregate with the clo phenotype (data not similar pattern (Trede and Zon, manuscript in preparation),
shown). Thus, c-myb is not linked to either the spt gene on consistent with the premise that these cells are macro-
linkage group 8 or with the clo gene. phages. Expression of c-myb is also detected in the tail of
Whole-mount in situ hybridization analysis demon- 48-h embryos near the caudal vein, where phagocytic cells
strated that c-myb is expressed at 18 h in the primitive have been previously described (Fig. 2BB) (Kimmel et al.,
erythroid cells of the ICM, in a pattern identical to gata1 1995).
expression (Fig. 2L). This is surprising since c-myb is not In contrast to mammals, the expression of c-myb in prim-
expressed in primitive erythroid cells of higher vertebrates. itive erythroid cells of zebra®sh could indicate that this
In amphibians, birds, and mice, de®nitive hematopoietic transcription factor has a major role in primitive erythropoi-
esis. To study the function of c-myb in zebra®sh primitiveprogenitors which express c-myb are found in the aorta±
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erythropoiesis, we examined gata1 expression in b316 mu- (9A.480±0.00 { 0.00 cM±¯i±4.54 { 2.22 cM±z1417), and
¯t4 to linkage group14 (nkx2.5±0.00 { 0.00 cM±¯t4±3.77tant embryos which carry a deletion that includes the c-
myb gene (Fig. 5C). The b316 mutation is a g-induced dele- { 1.85 cM±6U.1450) (Table 3). The ¯k1 gene also maps to
linkage group 14 (hprt1±6.02 { 1.85 cM±¯k1±4.71 { 1.62tion of a large portion of chromosome 23 including the
hoxc3 cluster (Fritz et al., 1996). The homozygous mutant cM±wnt8) (Table 3). As noted above, spt has been localized
to linkage group 8 and is therefore not linked to these genesembryos arrest at approximately 5 somites of development
allowing examination of primitive but not de®nitive hema- (E. Ballanger and J. Postlethwait, unpublished observation;
(Postlethwait et al., 1994). The ¯k1 gene has been pre-topoiesis. Whole embryo in situ analysis of b316 embryos
demonstrates near normal expression of gata1 RNA (Figs. viously shown not to be linked to the cloche gene (Liao et
al., 1997). In addition, we have found that the polymor-5A and 5B). Thus, similar to higher vertebrates, c-myb is not
required for the development of primitive erythroid cells. phisms for ¯t4 and those for ¯i1 do not segregate with the
clo phenotype (data not shown).We next examined c-myb expression in clo and spt mu-
tant embryos. Twenty-four-hour-old spt and clo embryos The ¯i1 gene encodes a transcription factor which has
been shown to be expressed in vascular endothelial cells inhave few if any c-myb- or gata-1-positive blood cells in the
anterior ICM (Figs. 3J, 3K, 3Q, and 3R). At 48 h, no c-myb mammals (Melet et al., 1996; Meyer et al., 1993). In zebra-
®sh, we ®nd that ¯i1 is expressed in ventral mesoderm asstaining is detected in the region that would normally form
the dorsal aorta in either mutant (Figs. 6A±6C). This early as 12 h postfertilization (Fig. 2F). This expression pat-
tern is consistent with fate mapping studies that demon-strongly suggests that clo and spt mutations disrupt de®ni-
tive hematopoiesis. In support of this model, both mutants strate that vascular cells derive from ventral mesoderm
(Kimmel et al., 1990; Lee et al., 1994; Liao et al., 1997;fail to express T cell genes in the thymus at day 4 (Trede,
Zon, manuscript in preparation). Stainier et al., 1993). ¯i1 thus appears to be the earliest
marker of vasculogenesis de®ned in zebra®sh. In 24-h-old
embryos, ICM cells that express ¯i1 are located where the
Isolation of Genes Expressed in Vasculogenic Cells major blood vessels of the trunk develop (Fig. 2V). This
expression persists in the vascular endothelial cells of 48-To further study the differentiation of vasculogenic cells,
we isolated cDNAs encoding the zebra®sh homologues of h-old embryos (Fig. 2DD) in a segmental pattern. Analysis
of cross sections demonstrates ¯i1 expression in the cellsthe transcription factor ¯i1, and the receptor tyrosine ki-
nases, ¯k1 and ¯t4. Zebra®sh Fli1 is highly similar to the forming the dorsal aorta and the caudal vein, as well as in
more dorsal cells where the segmental arteries and veinsXenopus (86%), chick (78%), mouse (87%), and human
(87%) Fli1 proteins (Fig. 1B and Table 1). One of the two form (Fig. 4B). ¯i1 is also expressed in the head of 24- and
48-h-old embryos. This expression in zebra®sh appears tozebra®sh receptor tyrosine kinases is most similar to Flt4
in other species. The overall similarities of zebra®sh Flt4 be similar to the patterns of ¯i1 expression in cranial vascu-
lar cells and neural crest observed in mice and Xenopusto the Flt4s of other species range from 59 to 67%, while
the tyrosine protein kinase domain is 79±93% similar to (Melet et al., 1996; Meyer et al., 1993).
The receptor tyrosine kinases ¯k1 and ¯t4 are expressedthat of the other species (Fig. 1F and Table 1). The dendro-
gram of Flk/Flt receptor tyrosine kinase sequences indicates by 18 h (Figs. 2O and 2P). This is consistent with the obser-
vation of ¯k1 expression in 7 somite embryos (Fouquet etthat the other zebra®sh receptor tyrosine kinase cDNA we
isolated encodes a protein similar to both mouse and human al., 1997; Liao et al., 1997). In 24-h-old embryos, ¯k1 and
¯t4 are expressed in developing trunk blood vessels, includ-Flk1 and Flt1 (Fig. 1E and Table 2). This zebra®sh cDNA
encodes a longer cDNA of the ¯k1 (or VEGR-2) gene pre- ing the segmental veins and arteries (Figs. 2W and 2X). ¯t4
is more strongly expressed in the caudal vein than the dorsalviously reported (Fouquet et al., 1997; Liao et al., 1997;
Sumoy et al., 1997). We mapped ¯i1 to linkage group 18 aorta, while the converse is true for ¯k1 expression. This
FIG. 2. Comparison of the expression patterns of hemoglobin and seven different genes involved in hematopoiesis and/or vasculogenesis
in developing zebra®sh embryos. Whole-mount in situ hybridization staining of wild-type zebra®sh embryos with lmo2 (A, I, Q, Y); gata2
(B, J, R, Z); gata1 (C, K, S, AA); c-myb (D, L, T, BB); ¯i1 (F, N, V, DD); ¯k1 (G, O, W, EE); ¯t4 (H, P, X, FF). Hemoglobin revealed by o-
dianisidine staining of embryos (E, M, U, CC). Ages of embryos are 12 h (A±H), 18 h (I±P), 24 h (Q±X), and 48 h (Y±FF). Embryos shown
in A±H are viewed dorsally with anterior to the left. At 12 h lmo2 (A), gata2 (B), and ¯i1 (F) are expressed in cells located in two strips
of ventral mesoderm. Embryos in I±FF are viewed laterally with either the anterior to the left (I±X) or at the top (Y±FF). By 18 h, the
ventral mesodermal cells are converging to form the ICM. All seven genes are expressed in converging cells at this time. Just prior to
circulation, around 24 h, ICM cells expressing the seven genes and hemoglobin (U) are located at the midline between the gut and the
notochord (arrow in Q±X). In addition cells in the tail express lmo2 (Q), gata2 (R), ¯i1 (V), ¯k1 (W), and ¯t4 (X), but not gata1 (S), c-myb
(T), or hemoglobin (U) (arrowhead, Q±X). At this time, lateral cells in the trunk region around the pronephric primordia and dorsal aorta
express lmo2 (asterisk in Q). In 48-h-old embryos, the embryonic red blood cells are in circulation and putative de®nitive blood cell
progenitors that express c-myb (arrow in BB) are developing in the dorsal aorta. At 48 h lmo2 (Y), gata2 (Z), and ¯t4 (FF) are not expressed
in hematopoietic cells, while gata1 (AA) expression is decreasing, and ¯i1 (DD), ¯k1 (EE), and hemoglobin (CC) continue to be highly
expressed. All embryos, except in U are in 70% glycerol/PBS. U is in BB/BA.
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®nding is consistent with the observation in mouse that ¯t4 mutant embryos (Figs. 3S±3U). In 48-h clo mutant embryos,
the number of cells expressing ¯k1 in the tail is increasedexpression is found in venous endothelia, but not arterial
endothelia (Kaipainen et al., 1995). Head blood vessels also relative to 24-h-old clo embryos (compare Fig. 3T with Fig.
6E). This increase correlates with the extension of the tailexpress ¯k1 and ¯t4. By 48 h, ¯i1 and ¯k1 are still expressed
in the posterior trunk vessels, but ¯t4 is no longer expressed and shows that the vascular progenitor cells that give rise
to the vasculature in the tail are not as dramatically affected(Figs. 2EE and 2FF).
Both vascular and hematopoietic genes are expressed in by the clo mutation as those in the trunk. Expression of
¯k1 and ¯t4 is not detected in the heads of mutant embryos.the ventral tail mesenchyme just posterior to the ICM. At
24 h, ¯i1, ¯k1, ¯t4, lmo2, and gata2 are expressed in these In contrast, ¯i1 is expressed in the heads of these embryos
(Fig. 3S), but this expression is reduced relative to that incells (arrowhead, Figs. 2Q, 2R, 2V, 2W, and 2X), while gata1
and c-myb are not (Figs. 2S and 2T, arrowhead). At 48 h, wild-type embryos. The residual ¯i1 staining in the heads
of mutant embryos is likely in cells derived from the cranialthe ventral tail contains vascular endothelial cells and
phagocytic cells (Kimmel et al., 1995). At this time, cells neural crest (Melet et al., 1996; Meyer et al., 1993). Thus,
while the clo gene is required for the generation of cells thatexpressing c-myb appear in the dorsal aorta and caudal vein
of the extending tail. These observations suggest that tail express either hematopoietic markers or vascular genes, the
spt gene appears to be required only for the expression ofcells expressing ¯i1, ¯k1, ¯t4, lmo2, and/or gata2 in 24-h-
old embryos give rise to vascular and phagocytic cells found genes of more mature hematopoietic progenitors.
later in this region.
Finally, lmo2, ¯i1, ¯k1, and ¯t4 are expressed in partially
overlapping patterns in the head and trunk (Figs. 2Q, 2V, DISCUSSION
2W, and 2X). The lmo2 gene is expressed in mesenchymal
cells ventral to the brain, but not in the vasculature of the Conservation of the Molecular Program
head that expresses ¯i1, ¯k1, and ¯t4. In addition, at 18 and for Hematopoiesis
24 h there are two lateral strips of cells in the trunk that
express lmo2 (Fig. 2I, and asterisk in 2Q; Fig. 3A, arrow- We have isolated cDNAs encoding the zebra®sh homo-
logues of ®ve genes known to play roles in hematopoiesishead). These cells are in the region of the pronephric primor-
dia and developing blood vessels of the trunk. The scl gene and/or vasculogenesis in higher vertebrates. The sequences
of the cDNAs encoding three transcription factors and twois also expressed in a similar pattern in this region (Liao et
al., 1998), as is the pax-b gene (Krauss et al., 1991) which receptor tyrosine kinases predict proteins with homologies
to their mammalian counterparts that range from 46 to 90%has been associated with pronephros development. The re-
lationship of the trunk cells that express lmo2 to the devel- (Fig. 1 and Table 1). Lmo2 and Fli1 proteins are highly con-
served (90 and 80% overall, respectively), and are thereforeoping pronephros or the dorsal aorta cells that express c-
myb at 48 h is not known. clearly homologous to their mammalian counterparts. Ze-
bra®sh and mammalian c-myb proteins are also homolo-The expression of the vascular genes differs in clo and
spt mutant embryos. Twenty-four-hour-old spt embryos do gous but have a lower overall percentage similarity (61%).
The analysis of the Flk/Flt receptor tyrosine kinase familyshow extensive, but disorganized ¯i1, ¯k1, and ¯t4 expres-
sion throughout their bodies, similar to the lmo2 and gata2 reveals that one of the zebra®sh cDNAs is most similar to
Flt4. The other Flk/Flt receptor tyrosine kinase is similarpattern of expression (Figs. 3H, 3L, 3M, and 3N). The expres-
sion of these genes in spt mutant embryos indicates that to both Flk1 and Flt1 in mammals, and the sequence of a
smaller region of this gene has been reported (Fouquet et al.,vasculogenesis occurs, but that the overall pattern of the
vasculature is disrupted. In clo mutant embryos, expression 1997; Liao et al., 1997; Sumoy et al., 1997). The divergence
between the ¯t1 and ¯k1 genes of higher vertebrates mayof all the vascular genes is almost entirely eliminated in
the ICM region at 24 h (Figs. 3S±3U). Others have reported have happened after the evolution of ®sh. In this case, the
cDNA which we report here might represent the ancestorthe same affect of the clo mutation on the expression of
¯k1 (Fouquet et al., 1997; Liao et al., 1997). ¯i1, ¯k1, and of both the ¯k1 and ¯t1 genes of higher vertebrates. Alterna-
tively, the cDNA that we have isolated may represent a¯t4 expression is evident, but reduced in the tails of clo
FIG. 3. Comparison of the expression patterns of seven genes involved in hematopoiesis and vasculogenesis in wild-type embryos and
embryos homozygous for one of two different mutations. Whole-mount in situ hybridization of 24-h-old wild-type (A±G), spadetail (sptb104)
(H±N), and cloche (clom39) (O±U) embryos with lmo2 (A, H, O), gata2 (B, I, P), c-myb (C, J, Q), gata1 (D, K, R), ¯i1 (E, L, S), ¯k1 (F, M,
T), and ¯t4 (G, N). Arrowhead in A indicates trunk lmo2 expression. In spt mutant embryos, cells expressing lmo2 (H) and gata2 (I) are
found in the morphologically distorted ICM region and tails. However, very few if any hematopoietic cells expressing gata1 (K) or c-myb
(J) are seen in these embryos. The expression levels of the vascular markers ¯i1 (L), ¯k1 (M), and ¯t4 (N) appear normal in these embryos;
however, the patterns are distorted by the abnormal somites. In clo mutant embryos, ICM cells and tail cells that express lmo2 (O) or
gata2 (P) are not found. While the expression of ¯i1 (S), gata1 (R), c-myb (Q), ¯k1 (T), and ¯t4 (U) is missing in the anterior ICM of clo
mutant embryos, a small number of posterior ICM and tail cells continue to express these markers (arrows in O±U). The expression of
c-myb in the eye, gut, and skin-associated cells appears normal in all of these mutants (C, J, Q).
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FIG. 4. The relative positions of cells that express c-myb or ¯i1 in 48-h-old embryos. Cross sections through the trunk of 48-h-old
embryos stained for c-myb (A) expression or ¯i1 (B) expression by whole-mount in situ hybridization. The positive cell in A (arrow) lies
in the ventral wall of the dorsal aorta. In B, staining is seen in the endothelial cells (arrow) of the dorsal aorta and caudal vein as well as
in regions coinciding with the segmental artery and vein (arrowheads).
FIG. 5. Deletion of the c-myb gene in b316 mutants does not result in a loss of gata1 expression in zebra®sh embryonic erythroid cells.
Whole-mount in situ hybridization of wild-type (A) and b316 (B) embryos at approximately 18 h postfertilization with gata1. Note that
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TABLE 2 mann et al., 1995, Kelley, personal communication). c-myb
Comparisons between the Amino Acid Sequences of Zebra®sh is expressed in the mammalian fetal liver, a site of de®nitive
Flk1 and Homologous Receptor Tyrosine Kinases in Other hematopoiesis (Sitzmann et al., 1995). Moreover, in mice
Species: Percentage Identity (Percentage Similarity) homozygous for a c-myb mutation, primitive erythropoiesis
is normal, but the generation of all adult blood lineages is
Zebra®sh
defective due to a decrease in the number and proliferation
of multipotent progenitor cells (Mucenski et al., 1991).Receptor Kinase Extracellular
tyrosine kinase Overall domain domain In order to evaluate the functional consequences of c-
myb expression in primitive erythroid cells, we examined
Mouse Flt1 46 (62) 71 (84) 33 (51) a zebra®sh mutant (b316) that carries a g-induced deletion
Human Flt1 46 (63) 72 (85) 33 (52) of the c-myb locus (Fig. 5). The expression of gata1 is near
Quail Quek1 58 (72) 74 (86) Ð
normal in this mutant at 24 h, demonstrating the erythroidMouse Flk1 45 (62) 77 (87) 29 (48)
progenitors form without c-myb function (Fig. 5A). Thus,Human Flk1 47 (63) 77 (86) 32 (51)
it appears that c-myb is not required for primitive hemato-
poiesis in the zebra®sh consistent with the observation that
c-myb is not required for primitive yolk sac hematopoiesis
in mammals (Mucenski et al., 1991). Unfortunately, the
third type of receptor, distinct from either ¯k1 or ¯t1. All deletion in b316 is large and the embryos die after 24 h,
of the zebra®sh genes presented here are expressed in pro- precluding an analysis of de®nitive hematopoiesis in the
genitors of either blood or blood vessel cells in zebra®sh as mutant. In the future, using the b316 mutant, it will be
they are in mammals. Thus, the genetic program underlying possible to screen for ENU or smaller deletion alleles to
the development of blood and blood vessels has been gener- evaluate the function of c-myb in de®nitive hematopoiesis
ally conserved throughout vertebrate evolution. in the zebra®sh. Thus it appears that the function of c-
myb in hematopoiesis may be generally conserved among
vertebrates despite the temporal differences in expression.Comparison of the Sites of Hematopoiesis
In avians and mammals, progenitors of the de®nitivein Zebra®sh and Higher Vertebrates
waves of hematopoiesis develop in the AGM region and
The sites of waves of hematopoietic cell development express c-myb (Cumano et al., 1996; Dieterlen-Lievre and
in zebra®sh and other vertebrates are analogous based on Martin, 1981; Dzierzak and Medvinsky, 1995; Medvinsky
function and/or expression of marker genes. In zebra®sh and Dzierzak, 1996; Vandenbunder et al., 1989). We ®nd
embryos, the ®rst or primitive wave of hematopoiesis oc- cells that express c-myb in the ventral wall of the dorsal
curs in an intraembryonic location in the ICM (Detrich et aorta in 48-h-old zebra®sh embryos (arrows, Figs. 2BB and
al., 1995). The ICM corresponds to the extraembryonic 3A), a site that is analogous to the AGM of higher verte-
blood islands of other vertebrates because primitive erythro- brates. These cells are likely to be the zebra®sh de®nitive
cytes are generated in these locations. The posterior ICM hematopoietic progenitor cells. Interestingly, the dorsal
cells that differentiate slightly later than the more anterior aorta and the associated de®nitive hematopoietic progenitor
cells may correspond to the small number of de®nitive he- cells appear in the region of the zebra®sh embryo where
matopoietic cells that develop on the mammalian yolk sac primitive hematopoietic cells of the ICM are found at an
(Toles et al., 1989; Wong et al., 1986). The ¯i1, gata2, and earlier stage.
lmo2 genes are all expressed in the ventral mesoderm earlier
than gata1 and c-myb (Figs. 2A±2H). The coexpression of
both blood (gata2 and lmo2) and vascular (¯i1) markers in Characterization of Zebra®sh Mutations Affecting
this region of the embryo is consistent with the idea that Hematopoiesis and Vasculogenesis
the ventral mesoderm contains a common hemangioblastic
cell that gives rise to both hematopoietic and vasculogenic The sptb104 mutation causes defects in the differentiation
of mesoderm cells that lead to disruption of the proper con-progenitors.
While gene expression in zebra®sh hematopoietic cells is vergence of cells during gastrulation, defective somitogen-
esis, and an abnormal collection of mesodermal cells in thegenerally similar to that in higher vertebrates, a notable
exception is the expression of c-myb in primitive hemato- tail (Ho and Kane, 1990). We have found that sptb104 also
affects both primitive and de®nitive hematopoiesis. Thepoietic cells in the ICM. In amphibians and mammals, c-
myb is not expressed in primitive hematopoietic cells (Sitz- expression of markers of differentiated blood, gata1 and c-
the b316 embryo development is arrested at about 5-somites, but that it appears to have a normal level of gata1 expression. PCR of DNA
from wild-type or b316 embryos with two different c-myb primer pairs, and with primers speci®c for gata2, lmo2, and gata1 (C). c-myb
is not ampli®ed with either primer pair from DNA made from b316 embryos, while it is ampli®ed from DNA made from wild-type
embryos. gata2, lmo2, and gata1 all amplify in both b316 and wild-type embryos.
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TABLE 3
Backcross Statistics for Haploid Progeny of C32/SJD Hybrid Female Used to Map Zebra®sh Genes
Mat Pat X N Map SE 95% 99% LOD
LG11
PAC12B1 44 32
9 75 12.00 3.75 5.6 21.6 4.3 24.7 10.6
gata2 49 42
6 69 8.69 3.39 3.3 18.0 2.3 21.1 11.9
13B, 1300 33 37
17 69 24.64 5.19 15.1 36.5 12.7 40.2 4.0
1L.920 49 45
4 92 4.35 2.13 1.2 10.8 0.7 13.1 20.5
z3412 49 45
0 88 0.00 0.00 0.0 4.1 0.0 5.8 26.5
9A.720 49 41
4 88 4.54 2.22 1.3 11.2 0.8 13.6 19.4
Myogenin 48 46
2 89 2.25 1.57 0.3 7.9 0.1 10.0 22.6
4W.620 46 44
0 78 0.00 0.00 0.0 4.6 0.0 6.6 23.5
redcone 42 41
0 80 0.00 0.00 0.0 4.5 0.0 6.4 24.1
gata1 46 47




0 28 0.00 0.00 0.0 6.4 0.0 9.0 16.9
®t4 68 68
4 53 3.77 1.85 1.0 9.7 0.6 11.9 24.5
6U.1450 60 70
18 62 14.52 3.16 8.6 22.9 7.2 25.9 15.0
12F.810 110 66
12 60 10.00 2.74 5.2 17.5 4.1 20.1 19.2
10F.1350 76 52
14 61 11.47 2.89 6.3 19.3 5.1 22.0 17.8
hprt1 94 90
10 83 6.02 1.85 2.9 11.1 2.2 12.9 33.6
¯k 86 84
8 85 4.71 1.62 2.0 9.3 1.5 10.9 37.2
wnt8 96 96
8 56 7.14 2.43 3.1 14.1 2.3 16.6 21.2
LG18
z3853 45 51
0 93 0.00 0.00 0.0 3.9 0.0 5.5 28.0
Imo2 43 50
6 77 7.79 3.05 2.9 16.2 2.0 19.1 14.0
14AD.1280 38 42
6 72 8.33 3.26 3.1 17.3 2.2 20.3 12.7
z3558 45 39
5 67 7.46 3.21 2.5 16.6 1.6 19.7 12.4
6AC.875 35 44
6 72 8.33 3.26 3.1 17.3 2.2 20.3 12.7
fkd2 44 40
14 77 18.18 4.40 10.3 28.6 8.5 32.0 7.3
9A.480 42 47
0 82 0.00 0.00 0.0 4.4 0.0 6.3 24.7
¯i1 44 45




18 79 11.39 2.53 6.8 18.0 5.7 20.3 23.2
myb 88 102
2 94 1.06 0.75 0.1 3.8 0.1 4.9 51.8
pouc 90 100
Note. Recombination between loci and closely linked markers as analyzed by Map Maker Classic. Markers shown to left. X, crossovers;
N, number of progeny analyzed; Map, recombination distance; SE, standard error; 95%, 95% con®dence interval; 99%, 99% con®dence
interval; LOD, log odds distribution score.
myb, in the ICM is greatly reduced as is the expression of c- of the population of cells that express lmo2 and gata2 in
wild-type embryos. First, lmo2 and gata2 may be expressedmyb in the dorsal aorta (Figs. 3J, 3K, and 6C). sptb104 mutant
embryos express lmo2 and gata2 (Figs. 3H and 3I) in the in bipotential cells, hemangioblasts, that can give rise to
either differentiated blood or vascular cells. In this case,region corresponding to the ICM of wild-type embryos.
These mutants also express ¯i1, ¯k1, and ¯t4 in the trunk in sptb104 mutant embryos, the potential of these cells to
generate differentiated blood is disrupted by the mutation,vasculature, but the vasculature visualized by the expres-
sion of these genes is disorganized (Figs. 3L±3N). Because but the potential to generate vascular cells is not. Alterna-
tively, there may be two distinct population of cells thatsegmental blood vessels form around somites, the disrup-
tion of somitogenesis in spt embryos is a likely cause of express these two markers, one that gives rise to hematopoi-
etic cells, and one that gives rise to vascular cells. In thisthe abnormal vascular pattern. These data suggest that the
potential of the sptb104 mutant cells to generate differenti- case, in sptb104 mutant embryos, the population that gives
rise to blood is either eliminated or blocked in differentia-ated blood is disrupted, but the potential to generate vascu-
lar cells is not. tion while the population that gives rise to vascular cells
is not. Cell movement defects in sptb104 mutant embryosOur observations of sptb104 mutant embryos are consis-
tent with two possibilities for the developmental potential have been observed as early as the shield stage (6 h). The
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FIG. 6. The cloche (clom39) and spadetail (sptb104) mutations affect de®nitive progenitors in the dorsal aorta. Whole-mount in situ
hybridization of 48-h-old wild-type (A, D), clom39 (B, E), and sptb104 (C) embryos with c-myb (A±C) and ¯k1 (D, E). All three mutations
greatly reduce the number of cells that express c-myb in the dorsal aortas of 48-h-old embryos (arrows A±C). Cells expressing ¯k1 are
seen in the tails of 48-h-old embryos (arrows D, E).
later defect in the expression of blood-speci®c genes may than the more anterior erythroid cells. Thus, these posterior
hematopoietic ICM cells differ from the anterior ICM cellsbe a direct result of the earlier shield-stage defect. Alterna-
tively, the spt gene product may be required at two different in both their time of differentiation and their dependence
on the clo gene product. The clom39 mutant embryos do nottimes during development; an early time required for proper
convergence, and a later time required for blood develop- have dorsal aorta endothelial cells (Fouquet et al., 1997;
Liao et al., 1997). These embryos also do not contain c-myb-ment.
A second mutation, clom39, eliminates both hematopoi- positive cells in the region that would normally contain the
dorsal aorta. This suggests that the clo mutation disruptsetic and vascular cells in the anterior ICM (Stainier et al.,
1995). Previously, we have shown that clom39 mutant em- the generation of de®nitive as well as primitive progenitors.
It has been proposed that the clo mutation may directlybryos do not express either gata1 or gata2 in the anterior
ICM (Stainier et al., 1995). Similar to previous observations affect a bipotential hemangioblast that gives rise to both
hematopoietic and vascular cells (Stainier et al., 1995). It is(Fouquet et al., 1997; Liao et al., 1997), we ®nd that a small
number of gata1 cells remain in the posterior ICM of clom39 possible that lmo2-, gata2-, and ¯i1-positive cells in wild-
type embryos are bipotential hemangioblasts, and that themutant embryos (Fig. 3R, arrow). Interestingly, these cells
are in the region where erythroid cells differentiate later clo gene product is required for the production of these cells.
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The clom39 mutation completely eliminates lmo2 and the c-myb is not required for embryonic gata1 expression. Our
work suggests that the molecular mechanisms underlyingnonneural gata2 expression (Figs. 3O and 3P). The absence
of de®nitive progenitors that express c-myb in the clom39 the developmental programs of hematopoiesis and vasculo-
genesis are conserved between zebra®sh and other verte-mutants may be due at least in part to this early defect. The
vascular markers ¯i1, ¯k1, and ¯t4 are expressed in a small brates.
number of cells relative to wild-type in the posterior trunk
and tails of 24-h-old clom39 mutant embryos (Figs. 3S±3U).
Interestingly, in 48-h-old clom39 mutant, the number of cells ACKNOWLEDGMENTS
that express ¯k1 in the tail has substantially increased rela-
tive to the number found in 24-h-old mutants (Figs. 3T and We are grateful to Dr. Chuck Kimmel for zebra®sh heterozygous
6E). This ®nding along with observations on earlier embryos for the sptb104 mutation, and to Drs. Mark Fishman and Didier
Stainier for zebra®sh heterozygous for the clom39 mutation. We alsoby others (Fouquet et al., 1997; Liao et al., 1997) suggests
thank Marnie Halpern and Shannon Fisher for helpful commentsthat vascular cells in the extending tail differ from other
on the manuscript. M.A.T. was funded by postdoctoral fellowshipvascular cells and are able to express some ¯k1 in the ab-
from the Cancer Research Fund of the Damon Runyon±Waltersence of clo.
Winchell Foundation (DRG 1264). D.G.R. is the recipient of anOur ®ndings are consistent with the following model of
NRSA (HL09773). This work was supported by NIH Grants
zebra®sh development: Before 12 h, ventral mesoderm has DK49216 and HL48801. L.I.Z. is an Associate Investigator of the
been induced to generate cells with hematopoietic and/or Howard Hughes Medical Institute.
vascular potential and that express lmo2, gata2, and/or ¯i1
(Figs. 2A, 2B, and 2F). These cells may be bipotential heman-
gioblasts, and clo appears to be required for the development REFERENCES
of these cells. The gata1 and c-myb genes are subsequently
expressed in more mature blood cells, while ¯k1 and ¯t4
Al-Adhami, M. A., and Kunz, Y. W. (1977). Ontogenesis of haema-
are expressed in differentiating vascular cells (Figs. 2K, 2L, topoietic sites in Brachydanio rerio. Dev. Growth Differ. 19,
2O, and 2P). The generation of the more mature blood pro- 171±179.
genitors, but not the maturing vascular cells, is in¯uenced Beier, D. R., Dushkin, H., and Sussman, D. J. (1992). Mapping genes
by the spt gene product. The hematopoietic and vasculo- in the mouse using single-strand conformation polymorphism
analysis of recombinant inbred strains and interspeci®c crosses.genic cells converge toward the midline in an anterior to
Proc. Natl. Acad. Sci. USA 89, 9102±9106.posterior wave to form the ICM. By 22 to 24 h, the major
Breier, G., Clauss, M., and Risau, W. (1995). Coordinate expressionblood vessels of the trunk have developed, and circulation
of vascular endothelial growth factor receptor-1 (¯t-1) and itshas begun. The anterior embryonic erythroid ICM cells en-
ligand suggests a paracrine regulation of murine vascular develop-ter circulation at approximately 24 h, while erythroid cells
ment. Dev. Dyn. 204, 228±239.in the posterior ICM terminally differentiate 2 to 4 h later.
Cuadros, M. A., Coltey, P., Nieto, M. C., and Martin, C. (1992).
By 48 h, c-myb-positive progenitors of de®nitive hemato- Demonstration of a phagocytic cell system belonging to the he-
poietic cells appear in the ventral wall of the dorsal aorta mopoietic lineage and originating from the yolk sac in the early
(Figs. 2BB, and 4A). Some of the previously lmo2- and/or avian embryo. Development 115, 157±168.
gata2-positive cells likely generate these c-myb-positive Cumano, A., Dieterlen-Lievre, F., and Godin, I. (1996). Lymphoid
potential, probed before circulation in mouse, is restricted tocells, while cells in the tail that were lmo2- and gata2-
caudal intraembryonic splanchnopleura. Cell 86, 907±916.positive at 24 h appear to generate the tail vasculature in the
Detrich, H. W., III, Kieran, M. W., Chan, F. Y., Barone, L. M., Yee,older embryos. These cells may also generate the phagocytic
K., Rundstadler, J. A., Pratt, S. J., Ransom, D. G., and Zon, L. I.cells in the tail. We hypothesize that progeny of c-myb-
(1995). Intra-embryonic hematopoietic cell migration during ver-positive de®nitive progenitors in the dorsal aorta colonize
tebrate development. Proc. Natl. Acad. Sci. USA 92, 10713±the kidney, the site of hematopoiesis in the larval and adult
10717.
®sh. Dieterlen-Lievre, F., and Martin, C. (1981). Diffuse intraembryonic
In conclusion, we have shown that zebra®sh genes in- hemopoiesis in normal and chimeric avian development. Dev.
volved in early embryonic hematopoiesis and vasculogen- Biol. 88, 180±191.
esis are well conserved with respect to other vertebrates. Dorfam, D. M., Wilson, D. B., Bruns, G. A., and Orkin, S. H. (1992).
Human transcription factor GATA-2. Evidence for regulation ofWe ®nd that the sptb104 and clom39 mutations have different
preproendothelin-1 gene expression in endothelial cells. J. Biol.effects on zebra®sh hematopoiesis and vasculogenesis. As
Chem. 267, 1279±1285.previously shown, clom39 mutants have early defects in both
Dzierzak, E., and Medvinsky, A. (1995). Mouse embryonic hemato-blood and vascular cells. Here we present evidence that the
poiesis. Trends Genet. 11, 359±366.blood defects in clom39 mutant embryos are not limited to
Fong, G.-H., Rossant, J., Gertsenstein, M., and Breitman, M. L.primitive hematopoietic cells. The mutants have a broader
(1995). Role of the ¯t-1 receptor tyrosine kinase in regulating the
blood defect that includes the loss of cells that express c- assembly of vascular endothelium. Nature 376, 66±70.
myb, a gene expressed in de®nitive hematopoietic cells. Fouquet, B., Weinstein, B. M., Serluca, F. C., and Fishman, M. C.
Furthermore, we show that the sptb104 mutation appears to (1997). Vessel patterning in the embryo of the zebra®sh: guidance
affect hematopoietic progenitors without affecting vascular by the notochord. Dev. Biol. 183, 37±48.
Fritz, A., Rozowski, M., Walker, C., and Wester®eld, M. (1996).cells. Analysis of a third mutation, b316, demonstrates that
Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8887 / 6x3d$$$$63 05-14-98 11:57:02 dbal
268 Thompson et al.
Identi®cation of selected gamma-ray induced de®ciencies in ze- Martin, D. I., Zon, L. I., Mutter, G., and Orkin, S. H. (1990). Expres-
sion of an erythroid transcription factor in megakaryocytic andbra®sh using multiplex polymerase chain reactin. Genetics 144,
1735±1745. mast cell lineages. Nature 344, 444±447.
Harland, R. M. (1991). In situ hybridization: An improved whole- Medvinsky, A., and Dzierzak, E. (1996). De®nitive hematopoiesis
mount method for Xenopus embryos. Methods Cell Biol. 36, is autonomously initiated by the AGM region. Cell 86, 897±906.
685±695. Melet, F., Motro, B., Rossi, D. J., Zhang, L., and Bernstein, A. (1996).
Ho, R. K., and Kane, D. A. (1990). Cell-autonomous action of zebra- Generation of a novel ¯i-1 protein by gene targeting leads to a
®sh spt-1 mutation in speci®c mesodermal precursors. Nature defect in thymus development and a delay in Friend virus-in-
348, 728±730. duced erythroleukemia. Mol. Cell. Biol. 16, 2708±2718.
Johnson, S. L., Gates, M. A., Johnson, M., Talbot, W. S., Horne, S., Meyer, D., Wolff, C.-M., Stiegler, P., Senan, F., Befort, N., Befort,
Baik, K., Rude, S., Wong, J. R., and Postlethwait, J. H. (1996). J.-J., and Remy, P. (1993). Xl-¯i, the Xenopus homologue of the ¯i-
Centromer-linkate analysis and consolidation of the zebra®sh 1 gene, is expressed during embryogenesis in a restricted pattern
genetic map. Genetics 142, 1277±1288. evocative of neural crest cell distribution. Mech. Dev. 44, 109±
Joly, J. S., Maury, M., Joly, C., Duprey, P., Boulekbache, H., and 121.
Condamine, H. (1992). Expression of a zebra®sh caudal homeo- Mucenski, M. L., McLain, K., Kier, A. B., Swerdlow, S. H.,
box gene correlates with the extablishment of posterior cell lin- Schreiner, C. M., Miller, T. A., Pietryga, D. W., Scott, W. J. J., and
eages at gastrulation. Differentiation 50, 75±87. Potter, S. S. (1991). A functional c-myb gene is required for nor-
Kaipainen, A., Korhonen, J., Mustonen, T., van Hinsbergh, V. W., mal murine fetal hepatic hematopoiesis. Cell 65, 677±689.
Fang, G. H., Dumont, D., Breitman, M., and Alitalo, K. (1995). Mullins, M. C., Hammerschmidt, M., Haffter, P., and Nusslein-
Expression of the fms-like tyrosine kinase 4 gene becomes re- Volhard, C. (1994). Large-scale mutagenesis in the zebra®sh: In
stricted to lymphatic endothelium during development. Proc. search of genes controlling development in a vertebrate. Curr.
Natl. Acad. Sci. USA 92, 3566±3570. Biol. 4, 189±202.
Kelley, C., Yee, K., Harland, R., and Zon, L. I. (1994). Ventral expres- Ohinata, H., Tochinai, S., and Katagiri, C. (1989). Ontogeny and
sion of GATA-1 and GATA-2 in the Xenopus embryo de®nes tissue distribution of leukocyte-common antigen bearing cells
induction of hematopoietic mesoderm. Dev. Biol. 165, 193±205. during early development of Xenopus laevis. Development 107,
Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B., and 445±452.
Schilling, T. F. (1995). Stages of embryonic development of the Pevny, L., Simon, M. C., Robertson, E., Klein, W. H., Tsai, S.-F.,
zebra®sh. Dev. Dyn. 203, 253±310. D'Agati, V., Orkin, S. H., and Costantini, F. (1991). Erythroid
Kimmel, C. B., Warga, R. M., and Schilling, T. F. (1990). Origin and differentiation in chimeric mice blocked by a targeted mutation
organization of the zebra®sh fate map. Development 108, 581± in the gene for transcription factor GATA-1. Nature 349, 257±
594. 260.
Knapik, E. W., Goodman, A., Atkinson, O. S., Roberts, C. T., Shio- Postlethwait, J. H., Johnson, S. L., Midson, C. N., Talbot, W. S.,
zawa, M., Sim, C. V., Weksler-Zangen, S., Trolliet, M. R., Futrell, Gates, M. A., Ballinger, E. W., Africa, D., Ancrews, R., Carl, T.,
C., Innes, B. A., Koike, G., McLaughlin, M. G., Pierre, L., Simon, Eisen, J. S., et al. (1994). A genetic linkage map for the zebra®sh.
J. S., Vilallonga, E., Rowy, M., Chiang, P. W., Fishman, M. C., Science 264, 699±703.
Driever, W., and Jacob, H. J. (1996). A reference cross DNA panel Postlethwait, J. H., Yan, Y.-L., Gate, M. A., Horne, S., Amores, A.,
for zebra®sh (Danio rerio) anchored with simple sequence length Brownlie, A., Donovan, A., Egan, E. S., Force, A., Gong, Z.,
polymorphisms. Development 123, 451±460. Goutel, C., Fritz, A., Kelsh, R., Liao, E. C., Orr, M., O'Shea, S.,
Krauss, S., Johansen, T., Korzh, V., and Fjose, A. (1991). Expression Paw, B. H., Ransom, D. G., Singer, A., Thompson, M. A., Beier,
of the zebra®sh paired box gene pax [zf-b] during early neurogen- D., Joly, J.-S., Larhammar, D., Rosa, F., Wester®eld, M., Zon,
esis. Development 113, 1193±1206.
L. I., Johnson, S. L., and Talbot, W. S. (1998). Polyploidization,
Lander, E. S., Green, P., Abrahamson, J., Barlow, A., Daly, M. J.,
vertebrate geneome evolution, and the zebra®sh gene map.
Loncoln, S. E., and Newburg, L. (1987). MAPMAKER: An inter-
Manuscript in preparation.
active computer package for constructing primary genetic link-
Ransom, D. G., Haffter, P., Odenthal, J., Brownlie, A., Vogelsang,age maps of experimental and natural populations. Genomics 1,
E., Kelsh, R. N., Brand, M., van Eeden, F. J. M., Furutani-Seiki,174±181.
M., Granato, M., Hammerschmidt, M., Heisenberg, C.-P., Jiang,Lassila, O., Martin, C., Toivanen, P., and Dieterlen-Lievre, F. (1982).
Y.-J., Kane, D. A., Mullins, M. C., and Nusslein-Volhard, C.Erythropoiesis and lymphopoiesis in the chick yolk-sac-embryo
(1996). Characterization of zebra®sh mutants with defects in em-chimeras: Contribution of yolk sac and intraembryonic stem
bryonic hematopoiesis. Development 123, 311±319.cells. Blood 59, 377±381.
Schulte-Merker, S., van Eeden, F. J., Halpern, M. E., Kimmel, C. B.,Lee, R. K. K., Stainier, D. Y. R., Weinstein, B. M., and Fishman,
and Nusslein-Volhard, C. (1994). no tail (ntl) is the zebra®shM. C. (1994). Cardiovascular development in the zebra®sh. II.
homologue of the mouse T (Brachyury) gene. Development 120,Endocardial progenitors are sequestered within the heart ®eld.
1009±1015.Development 120, 3361±3366.
Shalaby, F., Rossant, J., Yamaguchi, T. P., Gertsenstein, M., Wu,Liao, E. C., Paw, B. H., Oates, A. C., Pratt, S. J., Postlethwait, J. H.,
X.-f., Breitman, M. L., and Schuh, A. C. (1995). Failure of bloodand Zon, L. I. (1998). SCL/tal-1 transcription factor acts down-
island formation and vasculogenesis in ¯k-1-de®cient mice. Na-stream of cloche to specify hematopoietic and vascular progeni-
ture 376, 62±66.tors in zebra®sh. Genes Dev., in press.
Shivdasani, R. A., Mayer, E. L., and Orkin, S. H. (1995). Absence ofLiao, W., Bisgrove, B. W., Sawyer, H., Hug, B., Bell, B., Peters, K.,
blood formation in mice lacking the T-cell leukaemia oncopro-Grunwald, D. J., and Stainier, D. Y. R. (1997). The zebra®sh gene
tein tal-1/SCL. Nature 373, 432±434.cloche acts upstream of ¯k-1 to regulated endothelial cell differ-
Sitzmann, J., Noben-Trauth, K., and Klempnauer, K.-H. (1995). Ex-entiation. Development 124, 381±389.
pression of mouse c-myb during embryonic development. Onco-Manley, K., and Cudmore, R. http://mcbio.med.buffalo.edu/
mapmgr.html. gene 11, 2273±2279.
Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8887 / 6x3d$$$$64 05-14-98 11:57:02 dbal
269Zebra®sh Hematopoiesis
Stainier, D. Y. R., Lee, R. K., and Fishman, M. C. (1993). Cardiovas- ets1, c-myb, and c-myc in the blood-forming system of the chick
embryo. Development 106, 265±274.cular development in the zebra®sh. I. Myocardial fate map and
Warren, A. J., Colledge, W. H., Carlton, M. B. L., Evans, M. J.,heart tube formation. Development 119, 31±40.
Smith, A. J. H., and Rabbitts, T. H. (1994). The oncogenic cys-Stainier, D. Y. R., Weinstein, B. M., Detrich, H. W. I., Zon, L. I., and
teine-rich LIM domain protein Rbtn2 is essential for erythroidFishman, M. C. (1995). Cloche, an early acting zebra®sh gene,
development. Cell 78, 45±57.is required by both the endothelial and hematopoietic lineages.
Weinstein, B. M., Schier, A. F., Abdelilah, S., Malicki, J., Solnica-Development 121, 3141±3150.
Krezel, L., Stemple, D. L., Stainier, D. Y. R., Zwartkruis, F.,Sumoy, L., Keasey, J. B., Dittman, T. D., and Kimelman, D. (1997).
Driever, W., and Fishman, M. C. (1996). Hematopoietic muta-A role for notochord in axial vascular development revealed by
tions in the zebra®sh. Development 123, 303±309.
analysis of phenotype and the expression of VEGR-2 in zebra®sh
Wester®eld, M. (1993). ``The Zebra®sh Book.'' Univ. of Oregon
¯h and ntl mutant embryos. Mech. Dev. 63, 15±27. Press, Eugene, OR.
Toles, J. F., Chui, D. H. K., Belbeck, L. W., Starr, E., and Barker, J. E. Widmer, H. J., Andres, A.-C., Niessing, J., Hosbach, H. A., and We-
(1989). Hemopoietic stem cells in murine embryonic yolk sac ber, R. (1981). Comparative analysis of cloned larval and adult
and peripheral blood. Proc. Natl. Acad. Sci. USA 86, 7456±7459. globin cDNA sequences of Xenopus laevis. Dev. Biol. 88, 325±
Tsai, F.-Y., Keller, G., Kuo, F. C., Weiss, M., Chen, J., Rosenblatt, 332.
M., Alt, F. W., and Orkin, S. H. (1994). A early haematopoietic Wong, P. M. C., Chung, S. W., Chui, D. H. K., and Eaves, C. J.
defect in mice lacking the transcription factor GATA-2. Nature (1986). Properties of the earliest clonogenic hemopoietic precur-
sors to appear in the developing murine yolk sac. Proc. Natl.371, 221±226.
Acad. Sci. USA 83, 3851±3854.Turpen, J. B., Kelley, C. M., Mead, P. E., and Zon, L. I. (1997). Bipo-
Zon, L. I. (1994). Developmental biology of hematopoiesis. Bloodtential primitive-de®nitive hematopoietic progenitors in the ver-
86, 2876±2891.tebrate embryo. Immunity 7, 325±334.
Vandenbunder, B., Pardanaud, L., Jaffredo, T., Mirabel, M. A., and Received for publication January 12, 1998
Accepted February 27, 1998Stehelin, D. (1989). Complementary patterns of expression of c-
Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8887 / 6x3d$$$$64 05-14-98 11:57:02 dbal
